Abstract. Analysis and minimization of output current ripple of multiphase carrier-based PWM inverters are presented in this paper. Analytical expression of rms value of output current ripple of multiphase PWM inverters as a function of the reference signal is first derived. Based on this expression, it is shown that a pure sinusoidal signal is the optimum reference signal that results in minimum output current ripple. Different to three-phase PWM inverters, injection of harmonics into the sinusoidal reference signal is neither necessary nor useful.
Introduction
Multiphase (number of phase higher than three) technique to improve the power density and reliability of ac motor drives is gaining interest in the recent decades [1] . Various control methods for multiphase ac drives were proposed. Different to three-phase PWM inverters, suitable PWM techniques for multiphase PWM inverters have not been developed very well [2] [3] [4] [5] . In the case of three-phase PWM inverter, it has been shown that a sinusoidal signal plus twenty-five percent third harmonic is the optimum reference signal that results in minimum output current ripple or harmonics [6] [7] [8] . Third harmonic injection is also useful to increase the maximum output voltage of three-phase PWM inverters. No paper has shown what the optimum reference signal for multiphase PWM inverters is. Is twenty-five percent third harmonic also the optimum injected harmonic signal?
In this paper, analysis and minimization of the output current ripple of multiphase PWM inverters are presented. Analytical expression of the rms value of output current ripple of multiphase PWM inverters as a function of the modulation signal is first derived. Based on this expression, it is shown that a pure sinusoidal signal is the optimum reference signal that results in minimum output current ripple. Different to three-phase PWM inverters, injection of harmonics into the sinusoidal reference signal is neither necessary nor useful.
The rms values of output current ripple of 5-, 7-, and 9-phase PWM inverters under various reference signals are compared. Experimental results are included to show the validity of the analysis method.
Multiphase PWM Inverters
A multiphase PWM inverter is defined as an inverter with a phase number higher than three. The scheme of multiphase PWM inverters is shown in Figure  1 . The load is assumed to be connected in polygon connection. If the actual load is connected in star connection, a polygon equivalent connection can be found easily. Each phase of load is represented as a series connection of a resistance, an inductance, and a sinusoidal emf. The dc voltage source of the inverter is assumed to be a ripple free constant dc voltage source. The center-tap in the dc voltage source does not really exist but it is used only for analysis purpose. The switching devices are assumed as ideal switches.
The ON-OFF signals for the switching devices are obtained by comparing a multiphase reference or modulation signal to a highfrequency triangular carrier signal. Figure 2 shows an example of sinusoidal nine-phase reference signal. If the instantaneous value of a phase reference signal is higher (lower) than the carrier signal then the associated upper (lower) switching device receives an ON signal. By using this method, the average value (average over one carrier period) of the phase-to-zero voltage will follow the reference signal. If the reference signal is sinusoidal then the average value of phase-to-zero voltage is also sinusoidal.
Analysis and Minimization of Output Current Ripple
Let us assume that the reference signal can be written as follow: where γ=2π/N and N is the number of phase (N3) and =ωt. In (1), s o is an arbitrary signal that is injected into the sinusoidal reference signal. Because the same signal is injected into the phase reference signals, the phase-to-phase voltages will not be changed by this injection of arbitrary signal. The arbitrary assumption of signal s o is valid as long as the frequency is much lower than the carrier frequency.
Based on the circuit in Figure 1 , the voltage between phases 1 and 2 can be written as:
If the voltage and current in the above equation are separated into the average (average over one switching cycle) and ripple components, 
Because the load emf is assumed sinusoidal, the load emf has no ripple component. The average and ripple components on the left hand and right hand parts of (3) must be the same, respectively, and therefore:
The ripple voltage drop across the load resistance, 12 i R , is much smaller than other components in (5) and, therefore, the expression of the ripple current can be obtained as follow: Figure 3 shows the detailed waveforms of multi-phase PWM inverter over one carrier period. In order to simplify the analysis, it is assumed that amplitude of the triangular carrier signal is unity. Because the carrier frequency is much higher than the reference ones, the reference signals over one carrier period can be assumed as constants. This figure was drawn for the case when the instantaneous value of reference signal for phase 1 is higher than the one for phase 2.
Time intervals in Figure 3 can be obtained as below: and f s is the switching or carrier frequency. Based on (6) and the output voltage waveform in Figure 3 , the output current ripple over one switching period can be written as given by (14). The waveform of the current ripple over one carrier period is also shown in Figure 3 . 
In (14) 
If (1) is substituted into (7)- (9) 
The total modified output current ripple is defined as 
If (21) and (22) 
for N=3. Thus, third harmonic injection can be used to reduce the output current ripple if and only if the number of phase is three. For higher number of phase, harmonic injection into the sinusoidal reference signal is neither necessary nor useful to reduce the output current ripple. It should be noted that the result as shown by (29) is the same as the result in [6] [7] [8] .
The root-mean-square (rms) value of the mean square value of the current ripple through phase 12 over one fundamental output period can be obtained as: Figure 4 shows the rms value of output current ripple of three-, five-, seven-, and nine-phase PWM inverters under sinusoidal modulation signal. In [9] , it was shown that a harmonic signal injection can be used to increase the maximum modulation index of multiphase carrier-based PWM inverters. The injected harmonic signal is (for N>3):
Under this harmonic injection, the maximum modulation index is increased into:
If (32) is substituted into (17) and the result is substituted into (30) and performing the integration then the following is obtained:
  
If the phase number is higher than three, the maximum modulation index is increased by the harmonic injection but the output current ripple is increased.
Experimental Result and Validity Limits
A small five-phase PWM inverter was constructed to verify the analysis method. The inverter switching devices were implemented by using power MOSFETs. A stalled five-phase induction motor was used as the load. The locked resistance and inductance are 2.2 ohm and 6 mH, respectively. The switching frequency of the inverter was fixed at 2000 Hz. The fundamental frequency of the output voltage was fixed at 50 Hz. The dc input voltage is fixed at 60 Vdc. Figure 5 shows the output current under sinusoidal reference signal. This figure shows that the output current waveform is almost purely sinusoidal.
In order to measure the output current ripple, the output current waveform is stored in a digital oscilloscope. The stored data is then processed by using a computer to determine the ripple content. Figure 6 shows the experimental and calculated results of output current ripples under sinusoidal reference signal. This result shows clearly the validity of the proposed analysis method.
Ver : 2.5 A/div Hor : 2.5 ms/div In order to determine the validity limits of the proposed analysis method, an extensive simulation has been done by the author. In general, the proposed method results in accurate results (error less than 5%) as long as the followings are fulfilled:
1. The ratio of the carrier frequency to the reference frequency is higher than 10. 2. The ratio of load time constant (L/R) to the carrier period is higher than 10. 3. The dc source ripple is less than 5% 4. The load unbalance factor is less than 2%.
Conclusion
Analysis and minimization of output current ripple of multiphase PWM inverters have been presented in this paper. It is shown that a pure sinusoidal reference signal is the optimum reference signal that results in minimum output current ripple. Different to three-phase PWM inverters, the maximum modulation index cannot be increased by harmonic signal injection without sacrificing the output current ripple. Experimental results have shown the validity of the proposed analysis method. Extension of this work to nonsinusoidal emf is under investigation.
